Maintenance of normal glucose homeostasis results from the precise orchestration ofthree processes: glucose absorption via the gut, production by the liver, and utilization by nearly all tissues in the body. In the fasting state, most ofglucose utilization is by brain and is independent of insulin. Glucose levels are maintained during a fast by the tightly regulated release of glucose from the liver. Postprandially, increased insulin levels promote enhanced glucose uptake, metabolism, and storage in muscle and adipose cells, with skeletal muscle quantitatively most important. The increment in insulin and decrement in glucagon concentrations in the portal circulation inhibit hepatic glucose production. States such as diabetes and obesity are characterized by resistance to the effect of insulin on both the stimulation of peripheral glucose utilization as well as the inhibition of hepatic glucose production. Diabetes is further marked by inadequate insulin secretion to meet the increased demands resulting from peripheral insulin resistance.
Introduction
Maintenance of normal glucose homeostasis results from the precise orchestration ofthree processes: glucose absorption via the gut, production by the liver, and utilization by nearly all tissues in the body. In the fasting state, most ofglucose utilization is by brain and is independent of insulin. Glucose levels are maintained during a fast by the tightly regulated release of glucose from the liver. Postprandially, increased insulin levels promote enhanced glucose uptake, metabolism, and storage in muscle and adipose cells, with skeletal muscle quantitatively most important. The increment in insulin and decrement in glucagon concentrations in the portal circulation inhibit hepatic glucose production. States such as diabetes and obesity are characterized by resistance to the effect of insulin on both the stimulation of peripheral glucose utilization as well as the inhibition of hepatic glucose production. Diabetes is further marked by inadequate insulin secretion to meet the increased demands resulting from peripheral insulin resistance.
In mammalian cells, glucose is not freely permeable across the lipid bilayer but enters by facilitated diffusion, a process in which specific integral membrane proteins passively transport glucose down a concentration gradient. Glucose can also be concentrated in epithelial cells of the intestine and the proximal tubule ofthe kidney by an active process in which Na+/glucose cotransporters (reviewed in 1) utilize the electrochemical potential ofNa' as an energy source. Molecular cloning studies over the last seven years have revealed a family of facilitated diffusion glucose transporter proteins which are structurally related but are encoded by distinct genes that are expressed in a tissue specific manner (reviewed in 2-4) ( Table I ). These are structurally and genetically distinct from the Na+-linked glucose cotransporters but bear considerable sequence homology with sugar transporters in bacteria, yeast, and protozoa (3) . Recent studies have begun to unravel the mechanisms by which facilitated diffusion transporters participate in the regulation of glucose utilization in various tissues. This Perspectives will discuss evidence that altered expression, localization, and/ or function of facilitative glucose transporters may contribute to the pathogenesis of diseases such as diabetes.
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Genefamily offacilitated diffusion glucose transporters
Five facilitated diffusion glucose transporter genes and one pseudogene have been identified (Table I ) and a nomenclature refers to them in the order ofcloning. GLUT 1, cloned in 1985, is widely expressed both in tissues in which glucose transport is acutely stimulated by insulin and in non-insulin-responsive tissues (2) (3) (4) . It is present at high levels in the blood-brain barrier and it is the human erythrocyte glucose transporter. GLUT3 is also widely expressed and is present at highest levels in brain. The role of GLUT 1 and GLUT3 in different areas of brain is an active focus of investigation. In contrast, the tissue distributions of GLUT2 and GLUT4 are much more restricted. GLUT2 is present primarily in liver, kidney, intestine (basolateral membrane), and pancreatic ,3 cells (2) (3) (4) . With the exception of the latter, these are all tissues in which net release of glucose can occur. GLUT4 is unique in that it is expressed primarily in tissues in which glucose transport is rapidly and markedly enhanced in response to insulin, i.e., adipose cells, cardiac and skeletal muscle (2) (3) (4) . Its expression and function are modulated by physiological factors (reviewed in 5, Tables II  and III) and its regulation may be a major determinant ofinsulin responsiveness in adipose cells and muscle (see below). GLUT5 is expressed primarily in small intestine (3) . GLUT6 (renamed GLUT3P1) is a pseudogene which is not translated into a functional protein due to the presence of multiple translation termination codons and frameshifts (3) . The structures and biochemical characteristics of these transporter isoforms have recently been reviewed (2-4) and will be discussed here only in the context ofthe major focus ofthis review: the regulation of these transporters in vivo and their dysregulation in disease states.
Mechanismsfor regulation ofglucose transport in different tissues Kinetic characteristics ofdifferent transporter isoforms. Transport rate is determined by both the Vlu, maximal velocity, and the Km which inversely reflects the affinity for glucose. Reports of the Km of GLUT 1 vary widely (2-20 mM) and measurements are complicated by accelerated exchange, a phenomenon characterized by simultaneous changes in Vma, and Km (2, 6, 7) . Since the Km ofGLUT4 (2-10 mM) is in the range of physiologic glucose concentrations, this transporter can be nearly saturated in vivo and transport can be rate limiting for glucose metabolism in tissues where GLUT4 is the major transporter, i.e., muscle and adipose cells. In contrast, GLUT2 has a Km of -20-66 mM (2, 6). Thus, its capacity to transport glucose can increase proportionally with increases in extracellular or intracellular glucose over a range of physiological glucose concentrations and transport does not become rate limiting in tissues where it is the predominant transporter, i.e., liver. (8) . In the liver, all hepatocytes express GLUT2 while GLUT1 expression is limited to a single row of cells surrounding the hepatic vein under normal metabolic conditions (9) . With metabolic perturbations such as fasting or diabetes, additional perivenous hepatocytes are "recruited" to express GLUT 1 (9) ; the physiological significance of this is under investigation.
Although both GLUT1 and GLUT4 are expressed in adipose cells (10) (11) (12) (13) (14) (15) and muscle (10, (16) (17) (18) , their localization within these tissues differs. GLUT4 is much more abundant in rat adipose cells (14, 15) , soleus muscle, and heart (16) than GLUT 1. In contrast to adipose cells, in skeletal muscle GLUT1 and GLUT4 appear to be primarily in different cell types. Localization studies with fluorescently labeled antibodies indicate that GLUT1 is present in very low abundance in skeletal muscle fibers and in high abundance in the perineurial sheath (17, 18) . On the other hand, GLUT4 localizes in the sarcolemma and within the muscle fiber (18) . Electron microscopy studies of heart muscle demonstrate GLUT4 in a tubular vesicular compartment associated with the trans-Golgi region as well as in the sarcolemma (19) . Such studies have been unable to detect GLUT 1 in muscle fibers (J. Slot, personal communication). Thus, the function of GLUT1 in muscle tissue may differ from its role in adipose cells.
The relative abundance ofGLUT4 in different muscle fiber types and adipose cells corresponds to the glucose utilization rates in these tissues: brown adipose tissue > heart > red muscle > white muscle and white adipose tissue (20) . Within skeletal muscle GLUT4 expression varies with muscle fiber type and is highest in muscles enriched in type Ha (oxidative/glycolytic) fibers, intermediate in muscles enriched in type I (oxidative) fibers, and lowest in muscles enriched in type IIb (glycolytic) fibers (21) . One study found no correlation between GLUT4 protein content and insulin-stimulated glucose uptake, but significant correlations between GLUT4 protein content and glucose uptake stimulated either by contraction alone or in combination with insulin (21). In human skeletal muscle which is a relatively homogeneous mixture of fiber types, GLUT4 levels correlate inversely with the percent type IIb (glycolytic) fibers (22) . These findings are consistent with the level of GLUT4 expression being one important determinant of maximally stimulated glucose transport activity in skeletal muscle. In skeletal muscle of rats made diabetic by injection of a : cell toxin, streptozotocin, levels of GLUT4 mRNA decrease before GLUT4 protein levels fall (18) . This indicates a longer half-life of the GLUT4 protein than the mRNA and suggests that at this time in the course of diabetes, posttranscriptional factors are important in regulating GLUT4 levels in muscle. GLUT2 in liver also appears to be regulated mainly posttranscriptionally since GLUT2 mRNA levels are depressed with fasting and diabetes and elevated with refeeding with minimal alteration in GLUT2 protein levels (27) . In Potential functional defects contributing to insulin-resistant glucose transport in muscle in diabetes, obesity. and other insulin-resistant states.
Defects may involve (1) deficient signaling, (2) impaired translocation, (3) persistent "docking" without fusion, (4) partial fusion rendering transporters cryptic with inadequate exposure to the extracellular milieu, or (5) reduced activation of transporters.
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11, 24-26), GLUT4 protein levels are increased in hindlimb muscle of fasted (26) rats and unaltered initially in muscle of streptozotocin diabetic rats, even when significant insulin resistance is evident in vivo (18, 31 (Fig. 1 A) . Both GLUT 1 and GLUT4 are translocated to the plasma membrane in response to insulin, but the magnitude of the response differs greatly (1 1, 20, 23) . Insulin exposure of adipose cells results in a marked 10 to 20-fold increase in GLUT4 in the plasma membrane with a smaller 1.5-to 3-fold increase in GLUT1 (1 1, 20) . Electron microscopic studies using immunogold labeling of GLUT4 report a 40-fold translocation of GLUT4 in brown adipose cells (40) and in heart ( 19) . Glucose transporterfunctional activity. Under certain conditions, glucose transport in adipose cells (35, 36, 41) and muscle (38) is not proportional to the measured number ofglucose transporters in the plasma membrane. This has been proposed to reflect inadequate purification of subcellular membrane fractions so that transporter levels are falsely elevated in plasma membranes from cells in the basal state due to contamination with intracellular membranes which are highly enriched in transporters. However, such discrepancies have been observed even with labeling oftransporters in intact cells using either an exofacial antibody (41) or an impermeant bis-mannose compound (42, 43) . Kinetic studies confirm V,., effects which have been attributed to alterations in glucose transporter intrinsic activity (moles of glucose transported/transporter per unit time). Studies with the bis-mannose compound (42) extend earlier results (44) indicating that an activation step may be necessary for full stimulation ofglucose transport by insulin (Fig. 1 A) . Furthermore, these studies suggest that GLUT4 transporters are constantly cycling between the plasma membrane and an intracellular pool in the presence of insulin (42, 43) . The different activation states of GLUT4 may result from alterations in the accessibility of transporters to glucose as a result of altered configuration in the plasma membrane (S.
Vannucci, personal communication).
Modulation ofglucose transporter intrinsic activity appears important physiologically as it has been observed in adipose cells from rats refed after fasting (45) and from insulin-treated diabetic rats (5, 1 1) . It is the major mechanism for reversal of insulin resistance in adipose cells of diabetic rats in which blood glucose is normalized using phlorizin (46) , which blocks renal tubular reabsorption of glucose. Thus, changes in ambient glucose levels seem to alter the intrinsic activity of GLUT4 in adipose cells while insulin levels per se modulate GLUT4 expression (5) . Modulation ofGLUT4 intrinsic activity has also been demonstrated in skeletal muscle (38) . The biochemical nature of this intrinsic activity change is unknown. One study suggests that sialic acid residues may play a role (47). Although studies have examined whether changes in the phosphorylation state of GLUT4 affects its intrinsic activity (48) , the stoichiometry suggests that this is not the case.
Functional defects contribute to in vivo insulin resistance. Functional defects in transporters (Fig. 1 B) appear particularly important in skeletal muscle in vivo. In spite of insulin-resistant glucose transport in both the insulinopenic and hyperinsulinemic states discussed above, levels of the major transporter GLUT4 are similar to control (Tables II and III) (18, (32) (33) (34) 49) . This strongly supports the concept that circulating or local factors antagonize the function (including translocation) of glucose transporters in muscle under these in vivo conditions. This hypothesis stems from earlier studies (reviewed in 18) showing normal or increased insulin-stimulated glucose uptake in perfused hindlimb or isolated muscle from fasted (50, 51) and diabetic rats (51, 52) in spite of in vivo insulin resistance. Although other studies have demonstrated diminished insulin-stimulated glucose transport in muscle ofdiabetic rats, the defect reverses with incubation of the muscle in KrebsHenseleit bicarbonate buffer (53) , again suggesting that circulating factors may inhibit glucose uptake in muscle in vivo.
Although GLUT4 number has been reported to be decreased in some streptozotocin diabetic rat models (37), a functional defect precedes the fall in GLUT4 (18) and in hyperinsulinemic models, the functional defect appears to be most important (32) (33) (34) 49) .
Such functional defects ( Fig. 1 B) may involve impaired translocation of transporters as suggested in a preliminary report in muscle of obese Zucker rats (54) , "docking" of vesicles at the plasma membrane so that they are physically associated but not fused, partial fusion or altered configuration of transporters in the plasma membrane rendering them cryptic with inadequate exposure to the extracellular milieu, or reduced activation of transporters. The activation state of the transporter may be affected by factors extrinsic to the transporter such as the composition of associated membrane vesicles (55), characteristics of the cytoskeleton, or the presence of chaperone proteins affecting fusion of the vesicle with the plasma membrane and exposure to the extracellular milieu. Evidence is accumulating for the role ofsmall molecular weight GTPases in vesicle translocation and membrane fusion (56) and a recent report demonstrated potential involvement of a GTPase in the translocation of GLUT4 in adipose cells (57) .
Dysregulation ofglucose transporters in human diabetes
Insulin-resistant glucose transport in peripheral tissues. Stimulation of glucose transport by insulin is markedly impaired in adipose cells from humans with non-insulin-dependent diabetes mellitus (NIDDM)' (12) and this defect reverses with insulin treatment (35, 58) . Recent evidence demonstrates a striking decrease in GLUT4 mRNA and protein levels in adipose cells from obese humans and an even greater reduction in obese NIDDM subjects (12 , Table III ). Interestingly, the GLUT4 mRNA levels in humans with impaired glucose tolerance but not overt diabetes are as low as those in NIDDM subjects, suggesting that pretranslational suppression of GLUT4 expression in adipose cells occurs very early in the development of the diabetic state. A study of morbidly obese subjects failed to detect an effect of obesity alone but showed a 65% decrease in GLUT4 levels in morbidly obese NIDDM subjects compared to lean controls (13) .
However, in humans GLUT4 expression is subject to tissue-specific regulation as described above for insulin resistant animal models. The profound changes in GLUT4 expression in adipose cells are not observed in skeletal muscle (vastus lateralis) of obese nondiabetic subjects or lean or obese NIDDM subjects (59, 60) or in subjects with insulin-dependent diabetes mellitus (IDDM) (61) (Table III) . One study (62) found a minimal decrease in GLUT4 in abdominal rectus muscle of morbidly obese subjects but the effect was much smaller than the impairment in glucose transport and was not present in vastus lateralis. Additionally, no significant differences in GLUT1 mRNA levels are observed in muscle of obese or diabetic subjects (59, 61) . Since muscle is the tissue responsible for -80% ofinsulin mediated glucose disposal in vivo (63), the insulin-resistant glucose uptake characteristic of obesity and NIDDM cannot be attributed to altered expression of GLUT4 or GLUT 1. Studies are in progress to determine whether impaired translocation, fusion with the plasma membrane or acti-1. Abbreviations used in this paper: IDDM, insulin-dependent diabetes mellitus; NIDDM, non-insulin-dependent diabetes mellitus.
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It is possible to modulate GLUT4 levels in skeletal muscle of normal humans (22) and those with impaired glucose tolerance (Hughes, V. A., B. B. Kahn, P. R. Shepherd, D. Elahi, and W. J. Evans, unpublished data) by chronic exercise training. Exercise training also increases levels of GLUT4 mRNA and protein in muscle of normal rats (64) and obese Zucker rats (33) . This could be part of the mechanism for the decreased incidence of NIDDM in high risk subjects who are physically active (65, 66) . GLUT4 levels in skeletal muscle correlate with one index of insulin sensitivity based on oral glucose tolerance testing (22) , and with maximally insulin-stimulated glucose disposal measured by euglycemic insulin clamp in young, healthy subjects (67) .
Potential role Jor glucose transporters in impaired insulin secretion. One ofthe intriguing, well-established characteristics of the insulin secretory defect in NIDDM is its selectivity for glucose-stimulated insulin secretion with normal insulin secretion in response to other secretagogues. Recent studies suggest a potential role for GLUT2 as part of the "glucose sensing apparatus" to elicit insulin secretion. GLUT2 expression is decreased in A cells from rats with experimental or spontaneous diabetes (28-30) but increased in rats made hyperglycemic by glucose infusion (68) . One study showed a correlation between the level of GLUT2 expression and glucose transport in isolated islets (29) . The potential role of GLUT2 in ,B cells in the decreased insulin secretory response to glucose in both type I and type II diabetes has recently been reviewed (30) . The field is complicated by evidence suggesting another low Km glucose transporter in islets which is not GLUT 1 or GLUT4 (69) .
Potential rolefor glucose transporters in increased hepatic glucose production. The potential role of altered glucose transporter expression or function in the paradoxically increased hepatic glucose production characteristic of diabetes is unclear since glucose transport is not rate limiting for hepatic glucose metabolism. The increased rows ofperivenous hepatocytes expressing GLUT1 in diabetic rats (9, see above) could affect gradients of glucose across the hepatic bed; the significance of this is speculative. Glucose transporter mutations in human disease One example of a human disease resulting from a genetic defect in a glucose transporter has been identified. Glucose/galactose malabsorption in an inbred Syrian family appears to result from a single missense mutation at base pair 92 ofexon 1 ofthe Na+/glucose cotransporter (70) . This mutation does not interfere with membrane assembly of the transporter when expressed in Xenopus oocytes but obliterates Na'-dependent transport of alpha-methyl-D-glucopyranoside, a specific substrate for the Na+/glucose cotransporter. Since this mutation is not present in other families with glucose/galactose malabsorption, heterogeneity of molecular defects must underlie this disease.
Since insulin-resistant glucose uptake in peripheral tissues is a hallmark of NIDDM and GLUT4 is the major transporter in these tissues, investigators have screened subjects with NIDDM for mutations in GLUT4 (71, 72) . Only one mutation and one silent polymorphism have been found. A substitution ofthe amino acid isoleucine for valine at position 383 in exon 9 was present in one of 60 NIDDM subjects examined in one study (71) and 3 of 190 NIDDM subjects in another study (72) . The functional significance of this mutation is not yet known. Importantly, it is uncommon and other mutations in the coding region ofthe GLUT4 gene are unlikely in the vast majority of cases of NIDDM (72) . The impairment in insulin-stimulated glucose transport in NIDDM is probably due in part to hyperglycemia, since it is partially reversed with good glycemic control (35, 58) and it is also observed in IDDM and in animal models ofinsulin-deficient diabetes (1 1, 12, 46) in which restoration ofeuglycemia without insulin therapy results in normalization of insulin-stimulated glucose transport and in vivo glucose disposal (46) .
Recently, mutations in GLUT1 have been proposed in two children with seizures refractory to antiepileptic medication, hypoglycorrhachia (low cerebrospinal fluid glucose), and developmental delay (73) . Presence of normal plasma glucose and cerebrospinal fluid lactate levels and resolution ofseizures with a ketogenic diet suggested a reduction in glucose transport across the blood-brain barrier. Glucose transport and GLUT1 concentrations were reduced in erythrocytes which express high levels ofGLUT 1, the major transporter in the blood-brain barrier. Erythrocytes from one patient also showed markedly reduced immunoreactivity to a GLUT 1 antibody, indicating a potential structural change in GLUT 1 which could result from a mutation in the GLUT1 gene. Sequencing of the GLUT 1 genes from these patients will determine whether a genetic defect is responsible for the disorder.
Future directions
The observations discussed above indicate that biological complexity has evolved to allow specific regulation ofdifferent glucose transporter isoforms in a tissue-specific manner and even in a regional manner within specific tissues. Alterations in expression oftransporters may contribute to disease states such as diabetes, but changes in the function and subcellular distribution of transporters are also key (Fig. 2) . Studies now need to focus on the cellular and molecular mechanisms which underlie: (a) tissue specific expression oftransporters; (b) targeting of Alterations in Glucose Transporters transporters to different cellular compartments, as well as (c) the key signaling pathways essential for transporter translocation, fusion with the plasma membrane, and activation. In insulin-responsive tissues, the signals which couple insulin binding to its receptor with stimulation of glucose transport need further elucidation. Such studies will lead to a deeper understanding of the pathogenesis ofdiabetes and potentially to new therapeutic approaches.
